A new Tyre Model suitable for Tyre Dynamic Representation on uneven road and in general highfrequency handling excitations has been developed in a multi-body code. The tyre representation is both empirical and physical: contact forces between contact patch and road are achieved from numerical Pacejka formulation but applied to a physical structure representation instead of to a simple spring-damper element. Such a physical tyre model enables the simulation of the dynamics up to 100 Hz and vibration due to high frequency handling manoeuvre or on uneven road contact excitation. Validations with experimental results are of course included both for tyre tests on suitable testrigs and for full vehicle manoeuvres.
INTRODUCTION
Up to now the Handling behaviour of the tyre is usually represented in Multi-Body environment with Magic Formula Contact model linked to a very simple vertical Spring-Damper element. On the other side, the representation of vertical dynamics of the tyre only with a very simple Spring-Damper element is poor and reliable only for very low frequency, as it does not allow to take into account the experimental Tyre First Vibration Mode (Fig.2 ). Even if standard handling manoeuvres usually involve quite low frequencies, such a limitation might become excessive in case of uneven road or very high frequency handling phenomena: moreover, a more sophisticated representation of the longitudinal dynamics (in particular of the torsional effects on the tyre) is nowadays required for the simulation of braking phenomena with ABS control system (acting at a frequency of 12-15 Hz).
In order to fill this gap, the presented tyre model links a Magic Formula contact model to a physical representation of the tyre's structure. This makes it possible to represent and validate the frequency response both of the tyre as stand-alone and the full vehicle in a wider frequency range and in particular on uneven roads, due the more accurate dynamic vertical/lateral representation of the tyre. Moreover, this model is implemented in ADAMS/Car environment in order to be easily shared and linked to vehicle models taking advantage of the most advanced modelling features (e.g. human driver models).
DESCRIPTION OF THE MODEL
The proposed model herewith described links a standard Magic Formula contact representation to a lumpedparameters structure representation (as shown in the simple scheme in Fig.3 ).
The structure in this way is represented by two rigid bodies linked by six spring-damper elements; this physical representation reproduces the tyre deformation under longitudinal and lateral forces and its natural rigid shape vibration modes (up to 100 Hz). b) extremely easy to link to existing Vehicle models, with full compatibility to the features of Multi-Body environment (e.g. availability of very sophisticated driver models). 
MODEL PARAMETERS IDENTIFICATION
The structure is modelled by two rigid bodies: the Rim, representing the inner part of the tyre (beads and side wall) and the Rigid Ring, representing the outer part (ply and tread). The Rim is linked to the Rigid Ring by three visco-elastic linear spring-damper elements: radial, torsional and lateral. Radial and torsional elements represent the in-plane tyre dynamics and lateral element the out-plane tyre deflection.
Each element of the lumped-parameters structure needs two parameter values: the two rigid bodies need mass and inertia values, each visco-elastic element needs spring and damper values. The new dynamic tyre model requires in this way the identification of ten parameters, achieved both with an experimental and virtual approach.
In-plane experimental identification The Magic Formula parameters are computed by fitting experimental results (wide range of testing conditions, loads, camber,…) using dedicated tools developed by Pirelli: The identified parameter set makes it possible in this way to reproduce with a very good reliability the response of the tyre in generic working conditions (Load, Camber, Slip Angle, etc.). As the Linear Properties of the tyre are strongly dependant on the testing conditions (Fig. 11) , the Cornering Stiffness is identified in different conditions [14] (Narrow Range: 1° Slip Angle, 1Hz and Wide Range: 10° Slip Angle, 0.125 Hz) and different tyre parameter sets are supplied (respectively Narrow Range for the simulation of Soft Handling manoeuvres and Wide Range for Steady-State Hard Handling manoeuvres). The presented model has been validated on a specialpurpose Virtual Testrig (Fig. 12) before being assembled to a full vehicle model. 
Vertical Deflection Sweep
During this virtual test, a sinusoidal vertical displacement is imposed to the hub, running at 30 m/s on a flat surface; the amplitude chosen is 0.003 mm and the frequency increases during the 30 seconds from 1 up to 100 Hz. By monitoring the vertical wheel displacement, the first vertical vibration mode is shown (Fig.13) . In the following picture (Fig. 14) the comparison between simulated (solid line) and measured (dot circle) vertical tyre frequency response is shown. 
VALIDATION WITH FULL VEHICLE SIMULATIONS
The Full Vehicle validation tests have been performed on the Formula 1 Track of MontMelò (Barcelona, Spain). In particular, a high-speed bending with left-side wheels passing over the uneven border of the lane (Fig. 15) was tested with an instrumented vehicle and reproduced in multi-body environment (with the aid of ADAMS/Driver). The special shape of the Track Border is in fact very easy to represent as a ADAMS/Durability triangular road mesh (Fig. 17) . The border line represents the imposed excitation at the vehicle model and its Fast Fourier transform shows the frequency concerned in the dynamics (Fig. 18 represents the FFT of the vertical contact force at 80 km/h). 
The results of the simulations performed at three average speed, 80, 100 and 120 km/h are shown in the following figures; at 80 km/h the third line of the contact force spectrum (Fig.18) is near to the first vertical tyre resonance, emphasising the vibrations. The increasing forward speed shifts up the lines spectrum and the first vertical resonance module decreases, as shown in Fig.19-20 in which the tyre vertical deflection and the normal force are plotted.
In this way, such a dynamic behaviour can be validated only with the new tyre model, as the first vertical vibration resonance is not represented by the standard approach. The shape of the border (longitudinal section strongly dependent on lateral position) makes very difficult to compare directly the simulated data with the experimental: in fact a small lateral shift of the wheel on the border line profile strongly changes the input to the tyre, as shown in Fig.21 , where the left tyre vertical contact force is deeply influenced by the actual trajectory over the border line. The road profile becomes more "severe" as the trajectory gets close to the outer edge. For this reason the time histories recorded on the circuit (Fig.22 shows the vertical hub acceleration during a border line passing-over) don't clearly show the tyre dynamic, even if the accelerations measured on the hubs show a good agreement between the simulated passing over the border line and the experimental data. 
CONCLUSION
The encouraging results herewith presented show that this model, in spite of its extremely easy implementation in Multi-Body environment, can increase the reliability of the Magic Formula Tyre handling representation also in complex situations as e.g. uneven roads or very high frequency manoeuvres.
